The mature T cell repertoire is thought to be shaped by two events that occur during maturation of the immune system : negative selection, which functions to eliminate high affinity self-reactive immune-competent cells, and positive selection, which results in selection of T cells with affinity for foreign antigens in association with self MHC gene products (1, 2) . The identification of the molecules that play a critical role as ligands for the TCR in these events has been an important issue in the further characterization of these processes . Gene products encoded by the MHC have been widely accepted as relevant ligands for both positive and negative selection. In addition to MHC gene products, however, an important role of self non-MHC gene products for T cell repertoire establishment has been proposed (3, 4) . Recent observation of peptide-like structures associated with class I molecules by X ray crystallography provided direct evidence consistent with involvement of self non-MHC products in T cell recognition (5) . Furthermore, the involvement of non-MHC gene products in T cell recognition of MHC gene products has been suggested by the observation that certain V/3 TCR (V017a [6, 7] , V011 [8] ) appear to react preferentially to I-E molecules in association with other self determinants .
Although numerous non-MHC gene products are expressed on lymphocytes, minor lymphocytes stimulating (Mls) determinants are unique among them in the extraordinarily high precursor frequency of naive T cells reactive to Mls determinants (9, 10) . The Mls system has consequently been extremely informative in studies of self tolerance in the T cell repertoire (11) (12) (13) (14) (15) (16) (17) . Recently, it was demonstrated that V(06 (14) and V08.1 (13) TCR expression are strongly associated with T cell recognition of Mlsa determinants. Moreover, these determinants play the role of ligand in the elimination of self-reactive T cells as evidenced by the deletion of VR6-and V/38 .1-expressing T cells in Mlsa-positive strains. Similarly, expression of Mls`has recently been shown to be associated with V03 expression (18) ; and V03+ T cells are efficiently deleted in Mlse strains (16, 17) . Although this accumulated evidence is consistent with an important biological role of Mls products in the immune system, Mls-like determinants have to date been observed only in the mouse, and no equivalent system has as yet been identified in other species such as man.
n this work, we describe a unique feature of the genetic control of the expression of Mls`determinants. Unlike other systems such as MHC or Mlsa, in which a cell surface determinant is encoded by a single locus or by two complementing loci, Mls' gene products appear to be controlled by at least two unlinked loci, either one of which is sufficient to encode an indistinguishable Mlsc determinant . Determinant(s) encoded by either locus are fully capable of evoking Mls`-specific T cell responses and of functioning as ligands in the deletion of self-Mlsc-reactive V03' T cells. This finding of a unique redundancy in the genes encoding Mls`determinants is discussed in terms of its implications for the nature of Mls determinants and in terms of the potential existence of Mls-like gene products in other species .
Materials and Methods
Mice. AKR/J, B10.BR, CBA/J, and DBA/2 mice were purchased from The Jackson Laboratory, Bar Harbor, ME. (AKR/J x C3H/Hej)F,, AKR/J x (AKR/J x C3H/Hej)F, (AKR/J x C3H/Hej)Fl x B10 .BR, (B10.BR x CBA/J)F,, (B10.BR x CBA/J)F, x B10 .BR, (C3H/HeJ x B10 .BR)F,, and (C3H/HeJ x B10.BR)F, x B10.BR mice were bred in our facilities .
Antibody. KJ25 (16), a hamster mAb specific for the V(#3 chain ofthe murine TCR, was kindly provided to us by Drs. Philippa Marrack and John W. Kappler (NationalJewish Center for Immunology and Respiratory Medicine, Denver, CO) . Goat anti-mouse IgD antiserum was kindly provided by Dr. Fred D. Finkelman (Uniformed Services University ofthe Health Science, Bethesda, MD) . The use of this antibody has been described elsewhere (19) .
T Cell Clones and T Cell Proliferation Assay. The generation and characterization of Mlsa-, Mls°-, and I-Ak-reactive clones have been described (20, 21) . T cell proliferation was assayed as previously described (20) . Results are expressed as the arithmetic means of triplicate cultures and the SEs were generally <10% of the mean. Responses that were greater (p < 0.025 based on the Student's t test) than responses to syngeneic stimulators were regarded as positive. To normalize the results obtained from multiple experiments, the T cell responses are described as percent of a control response in each experiment. Details are described in the figure legends.
Flow Cytometsy Analysis (FCM)' . FCM was performed by using a modified FRCS II (Becton Dickinson & Co., Mountain View, CA) . Enriched splenic T cells were obtained from spleen cells by passage over rabbit anti-mouse Ig-coated plates . Cells were incubated with saturating amounts ofmAb culture supernatant for 30 min at 4°C, washed, and treated with FITC-coupled goat anti-hamster antibody (Kirkegaard & Perry Laboratories, Inc., Gaithersburg, MD) . Cells were washed again and resuspended for FCM analysis . For two-color analysis, the cells were first incubated with culture supernatant of antiV# mAb, washed, and stained for 30 min at 4°C using FITC-coupled goat anti-hamster antibody. The cells were then washed and incubated with biotin-labeled antiThy-1 .2 (Becton Dickinson Immunocytometry Systems, Mountain View, CA) and counterstained with Texas red-streptavidin (TR) (Bethesda Research Laboratories, Bethesda, MD) . Two-color immunofluorescence data were displayed as contour diagrams in which log intensities of green (FITC) fluorescence were plotted on the x-axis and log intensities ofred (TR) fluorescence were plotted on they-axis. The percentages of V03' T cells were calculated by dividing the number of Thy-1' V#3' cells by the total number of all Thy-1' cells . As shown in Fig. 1 , all three Mls'-specific clones exhibited similar response patterns to stimulator cells from individual AKR/J x (AKR/J x C3H/Hej)Fl backcross mice . Stimulator cells from two backcross animals (Nos . 1 and 4) were non- Responses of Mls'-specific clones to AKR/J x (AKR/J x C3H/Hej)FI backcross mice . 10 4 cloned T cells were cultured with varying numbers of splenic stimulator cells from individual animals, as well as C3H/HeJ, which were inactivated with mitomycin C (MMC), as described elsewhere (20) stimulatory for all three Mle-reactive clones over widely titrated numbers of stimulators . Each of the three clones responded to stimulators from the other 8 of 10 backcross mice tested, although two animals (Nos . 2 and 3) revealed consistently weak stimulation. The differences in Mls®-stimulating capacity of stimulator cells from these backcross animals did not appear to reflect differences in the overall condition of stimulator cells, because all populations were capable of efficiently stimulating an I-Ak-specific T cell clone, BC3C4. These results thus favor a single determinant model of Mlsc recognition.
Results

MY Expression by Spleen
To further assess the genetic control of Mls`expression, more extensive segregation analysis was carried out by testing the response pattern of Mlsc-specific clones to splenic stimulator cells derived from the offspring of a number of breeding combinations. To normalize the responses of a clone in multiple experiments, all responses were expressed as the percent of the response of the same clone to C3H/HeJ stimulators in that experiment . As shown in specific clone BC3C13 (Fig . 3 B) . This number of Mls`positive animals (52/70, 74 .3%) is significantly different from the 50% predicted by a single locus model (P < 0.001).
Although it has been shown that there is no crossreactivity between Mlsa determinants and Mls`determinants (20) , it was conceivable that the apparent high frequency of expression of the Mls`determinant detected by Mls`-reactive cloned T cells in the strain combination above was influenced by expression of an undefined AKR/J gene . To rule out this possibility, a similar genetic segregation analysis was carried out by testing Mlsc expression in (C3H/HeJ x B10 .BR) x B10.BR ([Mlsx Mlsb] x Mlsb) offspring, a combination that involves only C3H/HeJ and B10.BR, and where B10.BR is the strain from which the Mlsc-specific clone BC3C13 was originated . As shown in Fig. 4 It was recently demonstrated that the Mlsd type, which had been originally identified in the CBA/J strain, is a phenotype that results from coexpression of Mlsa and Mlsc determinants (21) (22) (23) . Therefore, a segregation analysis of the Mlsc-encoding locus (or loci) was extended to the CBA/J strain . Responses of BC3C13 to splenocytes from (B10 .BR x CBA/J)Fi x B10.BR backcross animals were tested in five independent experiments and again normalized as percent responses compared with responses to C3H/HeJ splenocytes. As shown in Fig. 5 , the response pattern of Mlsc-specific clone BC3C13 to CBA/J backcross animals was strikingly different from that to C3H/HeJ backcross animals. 22 of 43 backcross offspring (51.2%) were Mls`-positive, consistent with the conclusion that the Mls`determinant in CBA/J is controlled by a single locus. by statistical comparisons of Mlsc-specific T cell clone BC3C13 responses to experimental stimulator cells and to syngeneic B10.BR stimulator cells . This analysis is summarized in Table II . In each of the three C3H/HeJ breedings, the results of X2 analysis rule out the hypothesis that a single locus encodes the Mls' determinant(s). Instead, these results were consistent with the conclusion that two unlinked loci exist, either one of which is sufficient to encode Mlsc expression . The concordant response patterns of three different Mlsc-specific clones to individual offspring indicated that the Mlsc that is segregating in this fashion does not represent multiple determinants but a single common determinant recognized by Mlscreactive T cells. Therefore, the most straightforward interpretation of the finding that 7570 of C3H/HeJ F2 animals are Mlsc-positive is that two unlinked genes in C3H/HeJ encode a common epitope recognized by Mlsc-specific T cell responses; the product of either of these genes is sufficient to stimulate Mlsc-reactive T cells. In contrast, although CBA/J also expresses Mlsc, only 5170 of CBA/J backcross animals express Mlsc, consistent with the conclusion that unlike C3H/HeJ, the Mls' determinant expressed in CBA/J is controlled by a single gene.
Two Unlinked Gene Loci Encode a Common
Expression of V,B3 TCR by Peripheral T Cells Is Controlled by a Single Gene in CBA/,J but by Multiple Genes in C3H/HeJ. It has recently been shown that Mlsc reactivity of T cells is strongly associated with V03 TCR expression (18) and that V03-expressing T cells are diminished in several Mlsc-positive strains (16, 17) . Experiments were therefore designed to determine whether the two unlinked genes that encode stimulatory Mlsc determinants are also involved in Vf3 deletion .
The relationship between Mlsc stimulation and V/33 expression was examined in the offspring of C3H/HeJ and CBA/J backcrosses. V03+ splenic T cells were identified in FCM by staining with V03 TCRspecific antibody (KJ25) (16) . As shown in numbers of Va3+ splenic T cells. All other backcross animals had <1% Va3+ T cells, and splenic stimulator cells from those animals evoked Mlsc-specific primary as well as clone responses with the exception of Nos. 8 and 11, which stimulated responses by clone but not unprimed T cells. The relationship of V#3 expression and Mlsc expression was also evaluated in CBA/J by testing (B10 .BR x CBA/J)Fi x B10.BR backcross animals. Seven Mlsc stimulatory offspring expressed V,83 on <1% of splenic T cells, whereas five Mls'-negative offspring expressed VJ63 on 2.9-5% of T cells (Table IV) . A more extensive segregation analysis of VS3 expression indicated that in a CBA/J-derived backcross, approximately half (14/27) of the offspring expressed high proportions of Va3+ splenic T cells comparable with the levels expressed by the Mlsb strain B10.BR. In contrast, only 19% (7/36) of C3H/HeJ backcross mice expressed high levels of V03 within 2 SD of the levels expressed by B10.BR. These results are consistent with the idea that each of the two unlinked genes controlling Mlsc expression encodes a ligand that can function in Table 11 .
See Table II . the deletion of self-Mlsc-reactive V03+ T cells and that C3H/HeJ expresses both of these genes, whereas CBA/J expresses only one gene.
Discussion In a number of instances, multigene control of immunologically relevant products has been demonstrated . In most of these cases, the product of a single gene is insufficient to generate a functional product, and the distinct products oftwo different genes must complement one another. Examples of this type include the two-chain structure of T and B cell antigen receptors, where combinatorial diversity is an important feature of the immune repertoire, and the polymorphism of class II MHC antigens, which is enhanced by the ability to pair different combinations of ct and ne of these genes is sufficient to encode an Mlsc determinant that is stimulatory to cloned as well as heterogeneous T cells. In contrast, only 50% of (B10.BR x CBA/J)Fi x B10.BR backcross animals were Mls`positive, indicating that the Mlsd eterminant expressed by CBA/J is determined by a single gene. In this context, the widely scattered stimulatory potentials of segregants from C3H/HeJ may reflect the behavior of mice that express one, the other, or both Mlsc-encoding genes. As expected, the stimulatory ability of CBA/J segregants, expressing only one Mls°g ene, is more uniform. The multigene control of the Mls`determinant is also manifested in the striking influence of Mls gene products on the TCR Vf repertoire. A strong association has been demonstrated between V03 TCR expression and Mls°reactivity (18) , and this association is reflected in deletion of V03-expressing T cells in Mls`stimulatory strains (16, 17) . In the present study, C3H/HeJ or CBA/J backcross animals that were determined to be Mlsc positive as reflected in clone or primary T cell responses were shown to express low frequencies of V03+ TCR in spleen cells, consistent with the conclusion that V,63 expression is reduced in Mls`-positive strains. Moreover, segregation studies indicated that Va3 deletion in CBA/J was determined by a single gene, whereas V#3 deletion in C3H/HeJ could be mediated by either one of at least two unlinked genes. These results are consistent with the previous published observation by Pullen et al. (24) that two loci (one linked to MTV13 on chromosome 4 and the other linked to Ly-7) control V03 expression in DBA/2 (Mlsa,,) (15) or C3H/HeJ .
Click and Adelmann (25) have also concluded that there is multigene control of Mls`expression . However, their conclusion is quite different from that described above. They concluded that four distinct Mlsc determinants were detectable using cultured cell lines obtained from different combinations of H-2'-compatible inbred strains and that C3H/HeJ has three of four Mls`determinants . However, the specificities of the uncloned T cell lines that were used in those studies were not confirmed to be for Mls`determinants as defined in primary MLR.
Since it has been shown that Mlsa and Mls°determinants are encoded by nonallelic, unlinked loci based on segregation analysis (22) , a new nomenclature has been proposed in which Mls-1 would represent the locus encoding Mlsa and Mls-2 would encode what was previously known as Mlsc (26) (27) (28) . The findings described above indicate the existence of a third locus (Mls-3) that is involved in Mlsc expression (25, 29) . However, since the loci encoding Mls`determinants have not yet been mapped, and since it appears that two loci may encode a common determinant, we would suggest that Festenstein's original nomenclature (9) be maintained for Mls determinants as well as for Mls phenotypes Mlsa, Mlsb, and Mls`; Mlsd is now widely accepted to represent coexpression of Mlsa and Mls`determinants and can be discarded from use. Thus, AKR/J would be Mlsa (instead of Mls-1 a, Mls2b, and Mls-3b), B10.BR would be Mlsb (instead of Mls-1 b, Mls-2b, and Mls-3b ), and C3H/HeJ would be Mlsc (instead of Mls-1b, Mls-2a, and Mls-3a). The current ambiguity of the proposed new nomenclature reflects the fact that Mls determinants cannot be unequivocally assigned to specific loci and is most evident for CBA/J that could be genotypically (Mls-1a, Mls-2 a, Mls-3b), or (Mls-1a, Mls-2b, Mls-3a ), or even (Mls-1 a , Mls-2b, Mls-3b) (since it is not known whether the locus encoding Mlsc in CBA/J corresponds to either one of those expressed in C3H/HeJ).
The structural identity of Mls products is unknown. This issue can be considered in light of the finding presented here that each of two unlinked genes can encode an indistinguishable determinant that provides Mle stimulation to naive T cells at high precursor frequency as well as to monospecific T cell clones . One explanation of this observation is that the products encoded by the two Mlsc genes have a high degree of overall structural homology. Precedents exist, for example, in members of the Ig supergene family that are homologous to one other at the level of DNA sequence as well as molecular structure (30) . The Mls`system might be another such example. Since the Mlsc gene products encoded by these unlinked loci are as yet not distinguishable, the homology between gene products might be very high . An alternative explanation is that the two loci encode very different molecules but that the epitope recognized by T cells as Mlsc is common to the two gene products. Recent proposals that Mls gene products might be presented by APC as peptides in conjunction with MHC gene products (13, 31) are very consistent with this latter model. Molecular or biochemical analysis of the Mls`genes or gene products will ultimately identify the correct model from these alternative possibilities.
Recent analysis has indicated that very few strains fail to express Mls` (26, 32) , indicating that the genes encoding Mls`determinants are conserved in the mouse species. It has been also found that in Mls`-positive strains, potentially self Mls`-reactive V(33-expressing T cells are substantially deleted (16, 17) . The findings presented here that multiple genes can encode the same Mls`determinant provide another factor accounting for the wide distribution of Mls`determinants among mouse strains. Together, these findings suggest a possible explanation for the fact that Mls-like determinants have to date been observed only in the mouse and not in any other species. If Mls-like genes and determinants in fact do exist and serve certain functions in other species such as man, the failure to identify them might be due to the difficulty in finding an Mls-individual who would be a responder capable of responding to these determinants as alloantigens . The conserved nature of Mls-like determinants, perhaps reflecting an important biological function, would lead to difficulty in identifying such determinants on the basis of alloreactivity.
Summary
The identity of the self determinants involved in the selection of the T cell repertoire has been a matter of considerable interest . In addition to the apparent critical role of MHC gene products, accumulated experimental results indicate the importance of non-MHC gene products in T cell repertoire selection. In particular, murine Mlsa and Mls`determinants have been shown to be highly stimulatory to allogeneic T cells and to be involved in the negative selection (elimination) of self-reactive T cells expressing selected TCR Vii segments . In this work, a unique phenomenon of genetic redundancy is described in the control of Mls`expression : Mls`appears to be controlled by at least two unlinked loci, and the product of either one of these loci is sufficient to evoke Mlsc-specific T cell response and to act as a ligand in the deletion of self Mls`-reactive Va3+ T cells. Based on these findings, we propose a possible explanation for the fact that Mls-like genes or gene products have not been identified in other species such as man.
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